underestimated. Still other studies quantified the degree of blurring of artificial and natural sounds (Richards and Wiley, 1980; Gish and Morton, 1981; Shy and Morton 1986 ), but without compensating for the contribution of background noise to the amplitude values.
The present study concerns blackbird full songs, which are composed of a motif part with relatively low-frequency sounds ( 1.5-3 kHz) and a subsequent twitter part covering a broad frequency range (1.5-8 kHz) (e.g., Dabelsteen, 1984) . The blackbird's song encompasses a very large selection of different sound types (Fig. 1) , including types used by many other species. The large repertoire of sound types was one reason for choosing the blackbird song as the experimental subject. The other reason was that only in this territorial song bird species has the directionality of song emission (Larsen and Dabelsteen, 1990) , as well as all the basic song parameters including those of amplitude and frequency patterns been measured and tested for signal value in both sexes (Dabelsteen and Pedersen, 1985a , 1988a ,b, 1992 , 1993 . Knowledge of the directionality of song emission is a prerequisite for the choice of a loudspeaker with a similar directionality (e.g., Michelsen, 1978; Waser and Brown, 1984) . Knowledge of the information carrying parameters and their importance to the two sexes is also necessary to obtain information about how well the song is adapted to resist environmental degradation.
We examine two issues. First, are blackbirds able to counteract degradation of the song by choosing optimal perches? Second, do blackbirds use song types or song features that correlate with their ability to resist degradation. The degradation of natural song is determined by measuring both the blurring, the excess attenuation and the S/N, and these measurements are performed concomitantly with a new computer program which allows compensation for background noise in the amplitude values. We do not aim to investigate the physical mechanisms producing the sound degradation. We quantify some of the problems which the auditory system of the blackbirds must solve.
I. METHODS

A. Field recordings
The test tape was broadcast and rerecorded in the mixed beech primeval forest at Strodam Biological Field Station. The forest is dominated by 30-m-high beeches, which have trunks reaching a diameter of 0.4.43.7 m and canopies starting about 10 m above the ground. On average, the trunks are spaced 10 m apart. The area below the canopies is sparse with occasional dense undergrowth of bushes and young trees of various heights and species. The uneven ground is covered by grass and herbs, leaf litter, and fallen trees. The forest has many blackbirds, and it is reasonable to assume that this is an original type of blackbird habitat, e.g., Stephan (1985) . Most blackbird territories have diameters ranging from about 30 to more than 100 m. Full song is typically emitted from posts on the outermost branches of the underside of the canopy, from the top of the undergrowth, or, occasionally, from a lower height. The pure twitter song is emitted from all heights. Receivers high above the ground are usually other singing males, while both sexes may receive songs in the undergrowth and on the ground.
The relative speaker and microphone positions were chosen to represent typical blackbird song posts, and rival and female positions inside and outside territories in the above forest. The sounds of the test tape were recorded under a complete 2X 3 X 5 factorial design, i.e., with the speaker at 3 and 9 m above the ground, the microphone :at 0.2, 3, and 9 m above ground and at distances of 25, 50, 100, 150, and 200 m from the speaker. These recordings supplied the observation sound for the data analysis. Since a speaker will always contribute to the degradation of the sounds, test tapes were also recorded close to the speaker (both speaker and microphone 9 m above the ground, distance between speaker and microphone 1.56 m), where only negligible habitat-caused degradation could have taken place. For the speaker used for playback, the transition between the acoustic near field and the acoustic far field at 10 kHz takes place at 60 cm (pp. The test tape contained two sections separated by a pause of 5 s. The first section had five different motif part sounds, M-2, M-12, M-41, M-56, and M-88 (Figs. 1 and 2) each repeated five times. The inter-repetition pause was 0.23 s, more than twice the average natural length of the pauses between motif part sounds. The pause between each type of sound was 3 s and similar to the normal intersong pause (Dabelsteen, 1984) . The second section had a 2-min recording of 28 different songs. The test sounds of both sections had been recorded less than 3 m from a singing bird. We analyzed the entire recording of the first section. (Figs. 1 and 2) . From the pause between the two sections, we selected 1 s for estimation of the background noise assuming that the background noise here would be similar to that existing during the test sounds. To make this assumption more likely, we made sure that neither pause sections nor test sounds were "masked" by randomly occurring transient fluctuations, loud noises, or bird vocalization. All the test sounds were played back at their natural SPL (Dabelsteen, 1981 (Dabelsteen, 1984) .
C. Data analysis
The blackbird sound signal ga(t) can be modeled as the product of two signals ga(t)=g(t)b(t),
where b(t) accounts for the variation in frequency of the signal and g(t) is the amplitude or envelope function (AF) of the signal. As
where ½(t) is a suitable function of time, has the amplitude 1, the slowly varying amplitude of the blackbird sounds is described solely by g(t).
The transmission of ga (t) through a simple frequencyindependent and noise-free channel results in an obserw:d signal
where the constant ka models the total attenuation of the channel. Under these ideal circumstances the AF, y(t), of the observed signal is y(t) =kag(t).
In practice, the channel exhibits both frequency-dependent and multipath transmission properties, and the observed AF, y(t), is no longer proportional to the AF g(t). One now has y(t) =kg(t) +x(t),
where k represents the mean attenuation of the channel during transmission of g•(t), and x(t) represents the observed blurring of the transmitted AF. The determination of k, and thus of x(t), may be carried out by minimizing the energy E x ofx(t). Note that x(t) is not an AF since it may also take negative values.
The excess attenuation in dB is now defined as -(20 log k--•/),
where .d is the attenuation in dB caused by geometric spreading. For a point source, this amounts to 6 dB per doubling of the distance between sound source and sound receiver.
The blur ratio is defined as Ex/Ey, The blur ratio, excess attenuation, and S/N are representative measures of the changes in the majority of the known information carrying parameters in the sounds. For example, changes in blur ratio alone reflect changes in both amplitude and frequency patterns over time. The relative energies of the fundamental and its overtones, however, are not included in the present compound degradation measure. The relative-energy parameter may carry information on emitter identity or motivation in the blackbird (Dabelsteen and Pedersen, 1992, 1993), and it may bear special importance to birds using sounds with energy-rich overtones, e.g., to nonpasserines species. In these species, it is necessary to quantify transmission changes of the power spectra of sounds. To the test sounds of the present study (fundamentals without overtones), this supplementary measure is less relevant. Also, a major complication of using the average power spectrum measure is the problem of the compensation for the influence of the background noise, which has been solved in the computation of the present three measures of degradation.
D. Data analysis practice
The duration of an observed sound is virtually always longer than that of the corresponding model sound, since echoes prolong the propagating sound (Fig. 3) . In calculating the blur ratio, we have disregarded the tail because it is questionable whether the tail provides any additional type of information. The tail may be correlated with propagation distance and give the receiving bird some addi- The S/N of the twitter sounds was only sufficiently high at 25 m to make the uncertainty of the alignment of the models and observations as low as that for the motif sounds. As before, the data for each of the three degradation measures were subjected to an ANOVA, i.e., to a 2X3X 10 faetorial ANOVA (two speaker heights, three microphone heights, ten sounds), and only main and two-factor interaction effects were considered. The relationship between the three measures was tested by calculating Spearman's correlation coefficients (rs) for each pair of measures and testing for significance.
In order to test the variation in background noise level, we selected the data of four representative filter settings for analysis: (1) 1.20-3.60 kHz, (2) 2.50-5.50 kHz, (3) 3.75-5.25 kHz, and (4) 4.50-7.50 kHz (el. Table I ). The data were subjected to a 2•3X4X4 factorial ANOVA (two speaker heights, three microphone heights, four microphone distances, and four filter settings). Only main and two-factor interaction effects were considered. 
A. Relative variation in background noise level
As expected, the ANOVA on the background noise level showed no significant effect for speaker height (Table  II) . The main effects for the remaining factors, however, were all significant. Only one of the six two-factor interactions was significant, microphone height by microphone distance (Table II) . Together, the main effects and the two-factor interactions explained 84.5% of the variatiom A subsequent multiple range analysis using the 95% confidence intervals for factor means showed that the noise at the microphone heights 0.2 and 9 m were reliably different, the level at 9 m being highest (Table III) . As re- The two-factor means showed among other things that the background noise level varied most with distance at a microphone height of 9 m, but less at the other heights (8.8, 3.8, and 5.6 dB at 9, 3, and 0.2 m, respectively). Fig. 3 . The ANOVA on the blur ratio showed significant main effects for microphone height, microphone distance, and sound type, but not for speaker height (Table IV) . The effects of the six two-factor interactions, however, were all significant. Together, the main effects and the two-factor interactions explained 67% of the variation. The subsequent multiple range analysis showed that the three microphone heights were all different with the lowest blur ratio occurring at 9 m above ground and the highest at 3 m [ Fig.  4(b) ]. The microphone distances could be divided into three groups. The blur ratio was almost equal for 50 and 150 m, whereas it was higher at 100 m, but smaller at 25 m [ Fig. 4(c) ]. The sounds could be divided into two homogeneous groups, M-12 and M-56 with the lowest blur ratio, and M-2, M-41, and M-88 with the highest [Fig. 4(d)] .
The two-factor means showed among other things that the blur ratio was relatively high and varied little with distance at a microphone height of 3 m, while the variation was considerable at a height of 9 m (Fig. 5) . Another interesting point was the fact that within the two homogeneous groups of sounds the mutual ranking of the sounds' blur ratio varied with both the speaker height, the microphone height and the microphone distance.
Excess attenuation
The ANOVA on the excess attenuation showed significant main effects for all four factors (Table V) . The effects of the six two-factor interactions were also significant. Together, the main effects and the two-factor interactions explain more than 90% of the variation. The multiple range analysis again showed that the three microphone heights 
Signal-to-noise ratio (S/N)
The ANOVA on the S/N showed trends similar to those of the excess attenuation. The main effects of all four factors were significant and so were the effects of the twofactor interactions (Table VI) . Together, the main effects 
C. Degradation of motif sounds M-28, M-42, M-43, M-76, and M-84, and twitter sounds T-6, T-12, T-17, T-21, and T-22
and two-factor interactions explained as much as 96% of the variation. In this case a single main effect, i.e., that of microphone distance, alone accounted for 84% of the variation.
Once again, the multiple-range analysis showed that the three microphone heights were all different. A microphone height of 9 m had the highest mean signal-to-noise ratio (22.2 dB), at 0.2 m, the mean ratio was 19.3 dB, while at a height of 3 m, it was only 18.2 dB [ Fig. 8(b) ]. Interestingly, the signal-to-noise ratios would have been even lower than observed at 3 and 0.2 m (by 2.5 and 6.3 dB, respectively) had the background noise level been equal at the three heights. The values for the four microphone distances dearly differed, decreasing almost linearly with distance [ Fig. 8(c)] . Finally, the sounds could be divided into two homogeneous groups, i.e., M-41 and M-56 with the highest signal-to-noise ratio and M-2, M-12, and M-88 with the lowest one [ Fig. 8(d)] .
The two-factor means for signal-to-noise ratio again showed the highest variation with distance at a microphone height of 0.2 m, where also the absolutely lowest mean ratio was observed (Fig. 9) . As with blur ratio and excess attenuation the mutual ranking of the sounds' signal-to-noise ratios varied with the three other factors within each of the two groups of sounds.
Correlations
The three different measures of degradation were mutually correlated atp < 0.0001. The highest correlation was found between excess attenuation and S/N (r=--0.841), the lowest between blur ratio and S/N (r=--0.406). The blur ratio was positively correlated with excess attenuation (r=0.591).
Blur ratio
The ANOVA on the blur ratio showed significant main effects for microphone height and sound (Table VII) . The main effect of speaker height was not significant and the same applies to the three two-factor interactions. Together, the main effects and two-factor interactions explained more than 85% of the variation.
The multiple range analysis showed a reliable difference only between microphone heights of 9 and 3 m with the latter having the highest degree of blurring [ 
Excess attenuation
The ANOVA on the excess attenuation also showed significant main effects for microphone height and sound, where as that of speaker height was not significant (Table  VIII) . The effects of the two-factor interactions were significant for sound by speaker height and for speaker height by microphone height, but not quite significant for sound by microphone height (Table VIII) . Together, the main effects and two-factor interactions explained about 89% of the variation.
The multiple range analysis for excess attenuation showed the same pattern as for blur ratio, i.e., that excess attenuation was clearly different only for 9 and 3 m with the latter being greatest [ Fig. 11(b) ]. Sounds could again 
Signal-to-noise ratio (S/N)
The ANOVA on the S/N showed the same tendencies as those for the excess attenuation: Main effects were significant for microphone height and sounds, but nonsignificant for speaker height; effects of two-factor interactions were almost significant for sound by speaker height, and significant for speaker height by microphone height, but nonsignificant for sound by microphone height (Table  IX) . Together, the main effects and the two-factor interactions explained almost 97% of the variation. The multiple range analysis showed a clear difference between the heights of 3 and 0.2 m with the highest value at the latter height [ Fig. 12 (b) Taking into consideration the close connection between excess attenuation and S/N, it is not surprising to find by linear regression that for the five motif sounds the overall reduction in S/N is 10 dB/dd (Fig. 13) . The increase in total attenuation=excess attenuation+geometric attenuation=3.9 dB/dd-l-6 dB/dd. One might argue therefore that S/N together with blurring would suffice as a degradation measure. However, for detection to take place the bird needs not only a sufficiently high S/N, but also requires the sound pressure of the received sound sig- The blur ratio increases up to 100 m, but reduces again at 150 m (Fig. 4) . The reduction at 150 m may be due to certain local conditions, e.g., a diverging distribution and amount of trees. It indicates that the variation in blurring may be less regular than that of excess attenuation or S/N. Linear regression on blur ratio versus distance and log(distance) produce slightly different coefficients of determination, r•=0.057 and r2=0.083, respectively. Also, extrapolation predicts an unexpected blur ratio of about 0.15 at the source for blur ratio expressed as ratio/m, whereas it is gradually reduced to 0 at the source when expressed logarithmically. These findings suggests that blur ratio might best be described as varying with log distance. The overall increase in blur ratio determined in this way is 0.024 per doubling of distance (Fig. 13) . Our measure of blurring is difficult to compare to earlier attempts at quantifying blur- The above considerations are based on main effect means of the three measures of degradation. The raw data together with the two-factor interaction means, however, show a considerable variation regarding which motif sound is the most/least degraded at the different combinations of speaker and microphone position. The sound that is most blurred at a certain combination is not necessarily the one which is excessively attenuated and the one that has its S/N most reduced. This implies two things: First, the species characteristic patterns with which the sounds' duration and amplitude vary across the motif part must be difficult to maintain after transmission through the habitat. Accordingly, both of these patterns were found to be unnecessary for species discrimination in both males and females (Dabelsteen and Pealersen, 1992, 1993}. Second, in spite of the fact that the blackbird is immobile during full singing, a certain number of each of the three types of motif sounds is likely to reach a receiver relatively undegraded, hence preserving a possibility of attracting its attention. Actually, this consequence may be one of the factors accounting for the evolution of the great intraindividual variation in blackbird motif sounds allowing continuous sound type switching. Having first detected and/or discriminated a singer, a receiver can always change its position in order to improve its possibilities of reading the song (see below). A possible alternative to the blackbird's strategy of combining immobility with continuous switching between a great number of very different sounds may be to combine bout emittance of sounds from a small repertoire with frequent shifts of position during singing as in the great tit, Parus major (e.g., Gompertz, 1961 ) . This alternative strategy may also ensure that some sounds reach a receiver relatively undegraded because the sounds may be influenced differently by being transmitted to a receiver from slightly different angles and hence through different paths within short time.
C. Degradation and relative vertical positions in the habitat
In general, listening blackbirds may reduce degradation of motif sounds substantially by simply avoiding the undergrowth zone 0.5 to 5 m above the ground (Table X) to weak rival motif song initially by moving upwards in the
